Introduction 16
Rice straw derived phytolith, a silicaceous structure formed through Si precipitation in 17 rice plant tissues (Parr and Sullivan, 2005) , has been widely known as a potential source to 18 sustain soil Si nutrient pools when it is cycled to soils (Dobermann and 
, 2008). During rice growth, 25
Manuscript prepared for publication in Soil & Tillage Research 2 P can be re-translocated through rice's xylem/phloem system (Schachtman et al., 1998) , and 26 some parts might be trapped within phytolith structure (so-called phytOP) when Si 27 precipitates. This means that even if rice straw is cycled to soil, this P pool might still exist 28 inside phytolith and unavailable for plant uptakes. There has been a knowledge gap and lack 29 of experimental evidence for the fate of phytOP and its capacity to serve as an additional P 30 source for crops. 31 Sullivan, 2005). In this study, the release of P was inspected in considering the dissolution 42 rate of phytolith's silica body and influence of occluded organic matter content. 43
Open-field burning of rice straw after harvesting is a conventional method of disposal 44 of straw to return nutrients to the soils in many rice-based countries. Although this method 45 causes significant emission of greenhouse gases (e.g. CO2, CO, NOx), losses of nutrients (e.g. and at present rice growers have little incentive to change this method. As burning of rice 49 straw at different temperatures might result in various degrees of dehydroxylation of biogenic 50 silica and organic matter contents, rice straw phytolith ash samples which were obtained from 51 300 to 1000 o C ashing temperatures were used to examine the release of P in batch 52 experiments. X-ray tomographic microscopy (Marone, 2010) , provided a visualization for 53 silicaceous structure of phytolith. Scanning electron microscopy (SEM), X-ray diffraction 54 (XRD), Fourier transform infrared spectroscopy (FTIR), specific surface area (SSA) and 55 chemical composition analysis were carried out to evaluate transformation of phytolith and its 56 effect on P release. Statistical analysis using Pearson's test can help to provide an additional 57 information of correlation between the released Si and P. Based on the identification of 58 relation between the release of P and dissolution of rice-straw phytolith, this study clarifies 59 the dynamics of the phytOP and suggest possible management options on one hand to 60 maximize the use of this phytOP pool, and on the other hand to adjust fertilization strategy. 61
Materials and Methods 62

Study site and sample production 63
Rice-straw was collected from a paddy field (105°44′ E long, 20°59′ N lat) in the Red 64
River Delta (RRD), a second largest delta in Vietnam. In the RRD, approx. 12 tons ha -1 of the 65 rice straw can be annually burnt and returned to the fields which serves as large amount of 66 phytolith for paddy soils. The rice-straw was air-dried, milled and passed through a 1.0-mm 67 sieve. Ashing was conducted by heating the rice straw sample in an furnace at a target 68 temperature range between 300 and 1000°C for 2 h. The derived phytolith containing ash was 69 washed with DI water, followed by centrifugation and decantation, and finally were dried at 70 
Kinetic batch experiments 92
To examine P and Si solubility, 300 mg of sample was mixed with 300 mL of DI 93 water in 500-mL plastic tubes. Suspensions were gently shaken and allowed to stand for 24 h 94 at room temperature. For the samples pre-treated at 400, 700 and 1000 o C, the batch 95 experiments were in triplicates and extended up to 6 d with sampling at 24 h intervals. The 96 suspensions were passed through a 0.45 µm filter paper. Soluble P was determined using ion 97 chromatography (DX-600, Dionex-Thermo, USA) while soluble Si was examined by 98 molybdate blue method with a Spectrophotometer UV-Vis (L-VIS-400, Labnics, USA). Since 99 the ash samples still contain certain amounts of OC, dissolution of the OC might affect 100 DOC was also analysed using a TOC Analyzer (VCPH, Shimadzu), to identify whether the 102 released P was related to dissolution of occluded organic matter. Correlations between the 103 released Si and P derived from all dissolution kinetic experiments were also evaluated by 104
Pearson's test using SPSS 20.0 software program. The strength of correlation can be 105 evaluated by using two levels of significance 0.01 and 0.05, representing relations between 106 the released Si and P occurring by chance are 1 and 5%, respectively. 107
Results 108
Sample characterization 109
The arrangement of phytolith's silicaceous structure in the rice leaf was visualized in 110 (Fig. 1b) . 116
Excessive precipitation of Si can likely to form "closed holes" within the vascular bundles, 117 capturing embedded organic matter, as well other occluded substances including P. 118 (Figure 1)  119 Heat treatments of the rice straw resulted in significant changes in chemical 120 composition and SSA as shown in Tab. 1. The organic carbon was almost completely 121 removed by heating at >800 °C, whereas, only less than 30% of TOC was removed at 300 °C. 122
In rice straw the total P and Si contents were 1.02 and 73.6 g kg -1 , respectively. However, the 123 contents of P changed from 1.21 to 2.55 g kg 
Solubility of Si and P 141
Dissolution kinetics 142
Batch experiments for the samples derived from different heat-treatments showed that 143 the concentration of soluble P and Si significantly increased with time at different rates for 144 400 and 700 o C -treated samples, whereas trivial increases of soluble P and Si were observed 145 for 1000 o C -treated sample (Fig. 4a, b) . 
Effect of treatment temperature 163
The solubility of P and Si of the phytolith samples showed a strong dependence on 164 heating temperature (Fig. 5) . When the heating temperature was changed from 300 to 600 o C, 165 increases of the soluble P and Si from 0.4 to 1.3 mg L -1 and 7.2 to 13.5 mg L -1 , respectively, 166 were observed. At >700 o C, the solubility of P and Si was readily reduced. The lowest values 167 of soluble P and Si were 0.04 and 0.27 mg L -1 (respectively) for the sample treated at 1000 o
C. 168
Over the entire range of heating temperature from 300 to 1000 o C, P showed a relatively lower 169 solubility as compared to Si. It can be recognized that soluble P and Si showed similar "peak 170
shape" trends as depicted in Fig. 5 , and the highest values were at ~600 o C. This phenomenon 171 suggested that a similar mechanism drove the dissolution of P and Si from the samples. 172 ( Figure 5 ) 173 8 Si and P assimilated from soil are transferred to rice leaf and stem. While Si tends to 175 be immobilized by precipitation that forms silicaceous phytolith structure (Nguyen et al., 176 2014; Parr and Sullivan, 2005) , it is likely that P is more mobile in plant. P stored in older 177 leaves can be readily re-translocated to both young leaves and growing roots via the xylem 178 and phloem systems (Jeschke et al., 1997). X-ray tomographic microscopy revealed various 179 holes within the phytolith and these holes were filled with occluded organic substances (Fig.  180   1) . However, these holes as well as morphology of the phytolith can be strongly affected by 181
heat-treatment as shown in Fig. 2 , in which high treatment temperatures resulted in a re-182 arrangement and followed by crystallization of silica in phytolith structure as deduced from 183 XRD spectra in Fig. 3a . As P is dominant in the transport sap (Schachtman et al., 1998) stated that occluded organic matter "strengthens" the phytolith surface and its resistance to 216 desilification. When heating temperature increases, dehydroxylation of silanol groups will 217 favor a formation of siloxane bonds (Fig. 2a) , and the surface is hydrophobic (Zhuravlev, 218 2000) . This reaction diminishes adsorption of water molecules on the surface and decreases 219 the breakage of the surface ≡Si-O-Si≡ bonds (Parr and Sullivan, 2005) . It can, therefore, 220 explain why lesser Si and P were liberated from the phytoliths in this case. Additionally, the 221 formation of stable silica phases at high temperature favored a product with low SSA and less 222 activity (Kordatos et al., 2008), likely also resulting in a decline of P and Si release. An 223 illustration for the effects of occluded organic matter, SSA and crystalization degree together 224 on co-release of Si and P was depecited in Fig. 7 . Burning rice straw at a temperature range 225 from 500 to 700 o C was suggested as an optimal practice toward serving more available Si and 226 P for soils and crops. 227 (Figure 7 ) 228
Conclusions 229
Rice straw phytoliths contain up to 2.5 g P kg -1 , indicating that this P-pool can be an 230 additional source for crops when the straw is returned to the soils. By integrating the results 231 from batch experiments, chemical analysis, and X-ray tomographic microscopy, this study 232 revealed that P in the phytolith structure might be unavailable for plants prior to desilification 233 of the phytolith structure. Co-release of P and Si was observed and the dissolution of the 234 phytolith could be concluded as the main factor controlling P release. The heating temperature 235 of the rice straw could affect P and Si releases by intensifying the removal of occluded 236 organic matter or crystallizing the silica surface of the phytolith. The maximum values of 237 soluble P and Si observed from 500 till 700 o C recommended that the pretreatment of the rice 238 straw at this temperature range is optimal in serving as available P and Si for crops and soils. 239
As it is still unclear to what extent organic-P can be transformed to inorganic P accompanying 240 with heat treatment of the rice straw, this process and its relation to P-release will be 241 considered in future works. 242 
